Abstract. Neurofilaments are the major cytoskeletal elements in the axon that take highly ordered structures composed of parallel arrays of 10-nm filaments linked to each other with frequent cross-bridges, and they are believed to maintain a highly polarized neuronal cell shape. Here we report the function of rat NF-M in this characteristic neurofilament assembly. Transfection experiments were done in an insect Sf9 cell line lacking endogenous intermediate filaments.
elements in the axon that take highly ordered structures composed of parallel arrays of 10-nm filaments linked to each other with frequent cross-bridges, and they are believed to maintain a highly polarized neuronal cell shape. Here we report the function of rat NF-M in this characteristic neurofilament assembly. Transfection experiments were done in an insect Sf9 cell line lacking endogenous intermediate filaments.
NF-L and NF-M coassemble to form bundles of 10-nm filaments packed in a parallel manner with frequent cross-bridges resembling the neurofilament domains in the axon when expressed together in Sf9 cells. Considering the fact that the expression of either NF-L or NF-M alone in these cells results in neither formation of any ordered network of 10-ran filaments nor crossbridge structures, NF-M plays a crucial role in this parallel filament assembly. In the case of NF-H the carboxyl-tail domain has been shown to constitute the cross-bridge structures. The similarity in molecular architecture between NF-M and NF-H suggests that the carboxyl-terminal tail domain of NF-M also constitutes cross-bridges. To examine this and to further investigate the function of the carboxyl-terminal tail domain of NF-M, we made various deletion mutants that lacked part of their tail domains, and we expressed these with NF-L. From this deletion mutant analysis, we conclude that the carboxyl-terminal tail domain of NF-M has two distinct functions. First, it is the structural component of cross-bridges, and these crossbridges serve to control the spacing between core filaments. Second, the portion of the carboxyl-terminal tail domain of NF-M that is directly involved in crossbridge formation affects the core filament assembly by helping them to elongate longitudinally so that they become straight.
ONG the three major cytoskeletal structures (actin filaments, microtubules, and intermediate filaments), intermediate filaments are different from the other two in several ways. First different cell types within an organism have their distinct intermediate filament proteins that polymerize into 10-nm diameter filaments, which appear similar in structure when viewed by electron microscopy. Second, the monomers of each intermediate filament protein have a common molecular motif that consists of a globular head domain, alpha-helical rod domain, and carboxylterminal tall domain, whereas actin and tubulin are globular proteins. Finally, what is most important is that much less is known about their dynamics, functions, and structure compared to actin filaments and microtubules.
In adult neurons, neurofilaments are the major cytoskeletal elements that are composed of three different subunits Address correspondence to Nobutaka Hirokawa, Department of Anatomy and Cell Biology, University of Tokyo, Faculty of Medicine, 7-3-1 Hongo, Tokyo 113, Japan. Tel.: (81) 3-3812-2111, ext. 3326. Fax: (81) 3-5689-4856. called NFoL, NF-M, and NF-H (WiUard and Simon, 1981; Hirokawa et al., 1984) , and they are classified as the type IV intermediate filaments. They are believed to support the highly polarized morphology of axons, and several lines of evidence have shown that their abundance in an axon correlates with its caliber (Friede and Samorajski 1970; Lasek et al., 1983; Hoffman et al., 1985) . Supporting this, fewer numbers of neurofilaments are found in the nodes of Ranvier, where the caliber is reduced within the same axon. The transport of neumfilaments controls axonal caliber (Hoffman et al., 1984 (Hoffman et al., , 1987 . Transgenic model mice of amyotrophic lateral sclerosis give rise to the idea that aggregation of neurofilaments in the cell body causes blockage in axonal transport, resulting in thin axons with few neurofilaments (Zu et al., 1993; Cote et al., 1993; Lee and Cleveland, 1994) . Other transgenic mice overexpressing NF-H fused to lacZ accumulate neurofilaments in cell bodies, and they have smaller axonal calibers compared to wild-type mice (Eyer and Peterson, 1994) . The relationship between axon caliber and neurofilament abundancy is further explained at the ultrastructural level by recent studies involving neurofilament triplet proteins and microtubule-associated proteins.
Neurofilaments assume characteristic structures in axons distinct from other intermediate filaments such as desmins, vimentins, and glial fibriUary acidic protein (GFAP). First, respective neurofilaments run in parallel to each other to form bundles. Second, between each pair of filaments, frequent cross-bridges are observed (Hirokawa, 1982) . The 10-nm diameter filaments are called ~core filaments" to distinguish them from cross-bridge structures. These crossbridges are thought to retain the spacing between respective filaments, as is the case with microtubules in which crossbridges formed by tan and MAP2 determine the intermicrotubule spacings (Chen et al., 1992) . We hypothesize that cross-bridges in neurofilaments are the ultimate structural elements that are responsible for axon caliber maintenance. Thus, the studies of these cross-bridges are of great interest. Immunocytochemistry has shown that an anti-NF-H antibody that recognizes the carboxyl-terminal tall domain binds to cross-bridges of neurofilaments in adult axons, whereas anti-NF-M antibody mainly decorates the core filaments. (Hirokawa et al., 1984) This carboxyl terminus tall domain of NF-H is thought to be a component of cross-bridges between neurofilaments. It also plays important roles in the interaction between neurofilaments and microtubules (Hisanaga and Hirokawa, 1990a; Miyasaka et al., 1993) . In contrast, however, the function of NF-M is least known.
In vitro reconstitution studies observed by low angle rotary shadowing tell us that NF-L assembles to form the core filaments Hirohawa, 1988, 1990b) . Thin projections appear from these core filaments only when NF-M or NF-H is added, which probably corresponds to cross-bridges in vivo (Hisanaga and Hirokawa, 1988) . Even when copolymerized with NF-M or NF-H, neurofilaments reconstituted in vitro do not form bundles such as those in vivo. On the other hand, in vivo reconstitution studies in fibroblasts lacking endogenous intermediate filaments investigated by immunofluorescence reveal that neurofilaments are obligate heteropolymers (Lee et al., 1993; Ching and Liem, 1993) . In detail, no apparent filamentous staining was observed in fibroblasts transfected only with NF-L, and they require the addition of NF-M or NF-H for filaments to be detected by the immunofluorescence staining.
Although NF-L forms 10-nm filaments in vitro Hirokawa, 1988, 1990b) , no filamentous immunofluorescence staining was observed in fibroblasts transfected with NF-L cDNA (Lee et al., 1993, Ching and Liem, 1993) This could be explained as follows. In fibroblasts transfected with NF-L, the filaments are either not formed, or they are formed too short and compact to be detected by immunofluorescence resolution. If the former is the case, NF-L may be flexibly changing its assembly properties in an environmentally dependent manner. Thus, there is a possibility that the assembly properties of NF-L may differ between in vitro and in vivo reconstitution and no doubt its coassembly propertie~ with NF-M and NF-H. Needless to say, in vivo reconstitution studies by transfection should be more reliable. If neurofilament assembly properties change when they are moved outside ofthe cell, do the phenomena observed in in vitro reconstitution really reflect what takes place in vivo7 Do the loose projections hanging out from the core filaments that were observed by rotary shadowing really represent the cross-bridge structures seen in axons, and are they the carboxyl-terminal tail domain? Do NF-L with NT-M or NF-H form highly ordered neurofilament arrays observed in axons in transfected cells? In other words, since there is no information about the fine structures formed by the transfected neurofilament proteins in in vivo reconstitution studies, it is not known whether the immunofluorescence staining in fibroblast transfection is formed by the highly ordered ultrastructure characteristic of neurofilaments in axons. In this context, it is definitely necessary to observe the in vivo reconstitution of neurofilaments, especially for NF-L and NF-M, by high resolution such as quick-freeze, deep-etch electron microscopy. Thus, we investigated the ultrastructures of the transfected NF-L and NF-M.
Transfections were done by infecting nonneuronal insect St9 cells with recombinant baculovirus vectors encoding NF-L and NF-M. Sf9 cells are derived from IPLB-Sf21 cells, which are known immunocytocbemically not to possess any types of intermediate filaments that are conserved among other species (Volkman and Zaal, 1990) . Generally, crustaceans have no intermediate filaments (Hirokawa, 1986; Hirokawa and Yorifuji, 1986; Viancour et al., 1987) , so it is not unreasonable to suppose that certain cells of some insects in the same arthropods do not have intermediate illaments. Indeed, we found no intermediate filaments in the cytoplasm of Sf9 cells. So we identified this St9 baculovirus system as an ideal system for studying the assembly of intermediate filaments, especially for neurofilaments, because in past studies the pure assembly environment in transfection experiments was disturbed by their property to copolymerize with endogenous vimentins (Chin and Liem, 1989; Monterio and Cleveland, 1989; Wong and Cleveland, 1990; Chin et al., 1991) . Another advantage of this system is that electron microscopy analysis is facilitated, as high level expression and transfection efficiency can be expected.
Furthermore, to prove that the carboxyl-terminal tail domain of NF-M is actually involved in cross-bridge formation, we constructed various deletion mutants of NF-M lacking part of is its tail and transfected them into Sf9 cells together with NF-L. By this deletion mutant analysis, we also found an unexpected function of the tail domain as well.
Materials and Methods

Insect Cell Culture
$t9 cells were grown in TNM-FN medium containing 10 % fetal calf serum. Cells were incubated at 27°C in plastic dishes or bottles, and they were split approximately every 2 d so that the cells did not float into the media by overgrowing. Details are available in the literature (O'Reilly et al., 1992) .
Construction of Baculovirus Transfer Vectors
All recombinant DNA protocols are based on those in the literature of Sambrook et ai. (1989) .
Because both genes were already cloned by others (Napolitano et al., 1987; Levy et al., 1987) , the cDNAs of NF-L and NF-M genes were obtained by PCR and lamda gt-10 rat brain cDNA library screening, respectively. Partial fragments of each gene were kindly provided by Dr. N. Cowan (New York University, Medical Center, New York), and they were used as a probe for screening. All fragments that were amplified by PCR were sequenced by autosequencer (model 375; Applied Biosystems Inc., Foster City, CA). NF-L was subcloned between BamHI and EcoRI sites of pBS SK (+). The start codon was in close proximity to BamHI site. This subcloning vector including the whole NF-L open reading frame was named pBL. NF-M was subcloned into the EcoRI site of pBS SK(+). The start codon of NF-M was in close proximity to the EcoRV site of pBS SK(+). This subcloning vector, including the whole open reading frame of NF-M, was named pBM. Three transfer vector constructs were built from the cloned genes: pNFL, pNFM, and pNFLM.
To construct pNFL, a BamHI-EcoRI fragment containing the whole open reading frame of NF-L, was inserted between BamHI and EcoRI sites of pVL1393 so that the NF-L gene would be under the control of the polyhedrin promoter. To construct pNFM, BgllI linker was inserted into the EcoRV site of pBM. This vector was then digested with BgLII and XbaI to get a 2.6-kb fragment, and it was inserted between the BamHI and XbaI sites of pVL1393. To construct pNFLM, the same EamHI-EcoRI fragment of NF-L was first inserted between the BglH and EcoRI sites of pAcUW51. 2.6-kb BglII-BamI-II NF-M fragment was then cut out from pBM and inserted in correct direction into the mHI site ofpAcUW51 already containing NF-L. In pNFLM, NF-L and NF-M genes are under control of the pl0 and polyhedrin promoters, respectively.
Production of Recombinant Baculoviruses
Recombinant baculooiruses were produced by cotransfecting linealized baculooirus DNA with transfer vectors into Sf9 cells. BAKPAK6 (Clontech Laboratories, Palo Alto, CA) -linealized DNA and lipofectin (GIBCO BRL, Gaithersburg, MD) were used as reagents. The profiles of the recombinant baculoviruses used in this study are listed in Table I .
Construction of Deletion Mutant Transfer Vector
Six different deletion mutants were constructed as listed in Fig. 8 . There is a unique SacI site in the rod domain of the NF-M eDNA clone close to the beginning of the tail domain. Sequences between this SacI site and stop codon were excluded from the vector, and they were exchanged with newly generated fragments amplified by PCR. Myc epitopes were attached to the carboxyl-terminai of each deletion mutant by including this sequence into the PCR primers. Each amplified fragment was sequenced by an Applied Biosystems autosequencer. All deletion NF-M clones were subcloned into the BgllI site downstream the pl0 promoter of pAcUWS1, which already contains NF-L under control of the polyhedrin promoter.
Western Blots
Expression of NF-L and NF-M by each recombinant baculooirus was confirmed by Western blot analysis. Sf9 cells were infected with baculoviruses encoding NF-L alone, NF-M alone, or NF-L and NF-M together. Total homogenates of SF) ceils infected with each baculooirus were resolved on 7.5% SDS-polyacrylamide gel, and they were probed with anti-NF-L monoclonal antibody (RPNII05; Amersbam Corp. Arlington Heights, IL) and with anti-NF-M monoclonal antibody (NNI8). Noninfected native Sf9 cell total homogenates were also loaded onto a different lane, and they were probed with both antibodies as controls. All cell lysates were prepared by adding SDS loading buffer directly into Si9 cells that had been briefly washed with PBS. Peroxydase~conjugeted anti-mouse IgG antibody (Cappel Laboratories, Cochranvill¢, PA) was used as a second antibody. Chromogenic reaction was done by 4-chloro-l-naphthol.
Expression of neurofilament proteins encoded by the recombinant baculovirus encoding NF-L and deletion mutants of NF-M were also checked by Western blotting in the same manner. Munoclonal antibody against myc epitope was used to detect deletion mutants. Monoclonal antibody SMI31 (Sternberger and Sternberger, 1983; Lee et al., 1988; Harris et ai., 1991) was used to detect NF-M that is phosphorylated in the carboxyl-terminal tail domain. IFA monoclonai antibody (Prnss et ai., 1981) was kindly provided as overgrown culture supernatant by Dr. K. Weber (Max-Plane-institute for Biophysical Chemistry, Groettingen, FRG), and it was used to detect Delmlmyc(-). IFA was used as described (Pruss et al., 1981) , except that peroxydase-conjugated anti-mouse IgG antibody (Cappel) was used as a second antibody, and that chromogenic reaction was done by 4-chloro-l-naphthol.
Densitometry Analysis
Cytoskeletal fractions of St9 cells infected with each of the viruses were extracted by treating the cells with 1% Triton X-100 1 mM PMSE 10 ng/ml leupeptin in PEM buffer (100 mM Pipes, 1 mM EGTA, and 1 mM MgC12, pH 6.8) for 10 rain, and collecting the pellet by centrifuge. This pellet was resuspended into SDS-PAGE loading buffer and resolved by SDS-PAGE. Gels were stained with Coomassie blue and dried for densitometry analysis. The Quantity One System program (Pharmacia Fine Chemicals, Piscataway, NJ) in a PDI image analyzer was used for measurement.
First-strand cDNA Synthesis Assay
Total RNA of mouse brain and Sf9 cells were extracted and purified by cesium trifluoroacetate method, and polyadenilated RNA was further collected by oligo(dT) cellulose chromatography, as described in the literature of Okayama et al. (1987) . 500 ng of poly(A) + RNA from brain and Sf9 cells were reverse transcribed by incorporating 32p-dCTP using a 27-bp primer (5"ATG TT(T/C) TT(T/C) GAI GAI CT(T/C) CCI CT(T/C) CT-(T/C)-3'), which recognizes both the IFA epitope of vertebrates (YRKLLE-GEE) and the IFA epitope-like amino acid sequence found in invertebrates (YKKLLEGEE). This primer anneals with the nucleotide sequence in mRNA, which corresponds to amino acid sequences (YRKLLEGEE) and (YKKLLEGEE). 500 ng of poly(A) + RNA from mouse brain and Sf9 cells were taken from 500 ng//d poly(A) + RNA stock solution and diluted in 3.5 ~tl of 5 mM Tris HCI, pH 7.5. After heating at 65°C for 5 rain, the samples were put into a 37°C incubator, and the following mixture was added: I0× reverse transcribed (RT) 1 buffer (500 mM Tris HCI pH 8.5, at 20°C, 80 mM MgC12, 300 mM KC1, and 3 mM dithiothreitol), 1.5 ~tl; 20 mM dNTP, 1.5/~l; reverse transcriptase (23 U), 1 ~,l; [32p]dCTP (100/~Ci), 0.5 ~i; H20, 5 ~1. Then the samples were incubated at 37°C for 30 min. After incubation, the samples were extracted with phenol/chloroform and precipitated with ethanol twice using ammonium acetate as salt to remove the unincorporated dNTPs. The precipitated DNA/RNA hybrid was resuspended in 10/~1 of sample buffer (30 mM NaOH, 10% glycerol, 2 mM EDTA, pH 8.0, and 0.5% bromocresol blue), and it was applied to 1% agarose alkaline denature gel containing 30 mM NaOH and 2 mM EDTA, pH 8.0. 30 mM NaOH and 10 mM EDTA, pH 8.0, was used as running buffer. After electrophoresis, the gel was washed in 250 mi of 10 mM EDTA, pH 8.0, for 1 h twice and once in 2 x SSC for 30 rain at room temperature to remove sodium hydroxide. Then the samples were transferred onto a nylon membrane with 20x SSC. The membrane was dried and exposed to an image analyzing plate (BAS 2000; Fuji (Fuji Film; Tokyo, Japan) for 2 h to detect signals.
lmmunofluorescence Microscopy
Sf9 cells were grown on polylysine-coated coverslips in 35-mm plastic dishes. Cells were fixed at 38 h after infection with each of the viruses. After fixation with 2 % paraformaidehyde and 0.1% glutaraldehyde (PBS, pH 6.2) for 5 min, the cells were permeabflized with methanol at -20°C for 5 rain, and quenched with 1 m~/ml NaBIG in PBS. Blocking was done at room temperature in 5% BSA in PBS for at least 15 rain. The following were used: monoclonal antibody against NF-L (RPN 1105; Amersham), NF-M (NN18), polycional antibody against NF-L (CMN AB 1983), and for detecting deletion mutants of NF-M, anti-myc monocional antibody (Boehringer Mannheim Biochemicals, Indianapolis, IN). The samples were incubated at 37°C for 1 h with primary antibodies diluted in blocking solution. FITCconjugated anti-mouse IgG and rhodamine-conjugated anti-rabbit IgG were used as secondary antibodies (at 37°C for I h). Samples were mounted on cooer glass with mounting media (50% glycerol, PBS). Immunottuorescence micrographs were taken by Axiophot (Carl Zeiss, Inc., Thornwood, NY) with TMAX400 film (Eastman Kodak Co., Rochester, NY).
St9 cells infected with the L+DelMlmyc(-) virus were double stained with the anti-NF-L polyclonal antibody described above and IFA monoclonal antibody. Fixatives, working dilution, and blocking solution for the primary antibodies were followed as described elsewhere (Pruss et al., 1981) . The rest of the procedures were conducted as described above, except that the samples were viewed with a confocal microscope. 18 slices were taken every 0.98/~m to observe a single cell. Kodak Dyna 100 film was used.
Ultrathin Section Electron Microscopy
Nonpermeabilizing Protocol. St9 cells were washed briefly with PBS in a suspension, and they were collected by mild centrifngation. Cell pellets were resuspended in a fixative (2.5 % glntaraidehyde and 2 % paraformaidehyde in 0.1 M cacodylate buffer, pH 7.4), and they were fixed at room temperature for 30 rain. Cells were again centrifuged for collecting, and the supernatant was discarded. After brief washing with 0.1 M cacodylate buffer, 0.1 M cacodylate buffer, pH 7.4, with 1% OsO4 was gently added to these pellets, and they were incubated on ice for 1.5 h. The tubes were inverted several times during incubation. After osmification, the cells were washed with distilled water, and they were block stained in 1% uranyl acetate for 1 h. Cell pellets were dehydrated with ethanol and propylune oxide, and were then incubated in Epon/propylene oxide 1:1 mixture for 1 d. Finally, the cell pellets were embedded in Epon in beam capsules. Before solidifying at 65°C, samples were centrifuged so that the pellets dropped to the bottom of the tubes. Embedded samples were trimmed and sectioned on an ultramicrotome. Ultrathin sections were double stained with uranyl acetate and lead citrate, and they were viewed with an electron microscope (1200EX or 2000EX; JEOL U.S.A. Inc., Peabody, MA).
Permeablihln$ Protocol. St9 cells were briefly washed with PBS in suspension and collected by centrifugation. For mild permeabilizing, this cell pellet was resuspended in a detergent buffer (0.05 % saponin and 2 mM GTP in PBS), and it was incubated at room temperature for 10 rain before fixation. For strong permeabilizing, 0.1% Triton X-IO0 was used instead of saponin in the detergent buffer, and incubation was done at room temperature for 3 rain, Further fixation and embedding procedures were performed as described above.
Immunoelectron Microscopy 38 h after infection, Sf9 cells infected with L virus were washed briefly with PBS. Cells were then perrneabilized by incubation in a detergent buffer (0.05% saponln and 2 ram GTP in PEM buffer) for 10 rain. Cells were collected by mild centrifugation, and they were resuspended in a fixative conmining 2 % paraformaldehyde, 0.1% g]utarnldehyde, 0.05 % saponin, and 2 mM GTP based in PEM buffer. ARer 30 rain incubation in the fixative, cells were washed twice with PBS and quenched by ineubetion in 1 mg/ml NaBH4 for 10 rain. After this, cells were repermeabilized in 0.1% Triton X-100 in PBS for 10 rain. Blocking was done by incubating the cells in 5% BSA in PBS. Folyclonal antibody against NF-L (CMN AB 1983) was used at a working dilution of 1:40 as primary antibody. Cells were incubated with the primary antibody at 370C for 1 h. After incubation, the ceils were washed with PBS for 10 rain three times, followed by washing in TBS for I0 rain three times. Blocking for the second antibody was done in TBS, pH 8.2, including 5% BSA. Colloidal gold-conjugated goat anti-rabbit IgG (Amersham) was used for the second antibody. The antibody was diluted to 1:20 in blocking solution, and it was centrifuged at 6500 rpm for 15 min before use. Second antibody incubation was done at 4°C overnight with mild shaking, and it was then transferred to room temperature and further incubated with mild shaking for 1 h. Then the ceils were washed with TBS for 10 rain three times and postfixed with 3% glutaraldehyde for 20 rain at room temperature. Further osmification and embedding were done as described above.
Quick-freeze, Deep-Etch Electron Microscopy
2 d after infection, St) cells were briefly washed in PBS, centrifuged at 700 rpm in a swing rotor for 3 rain, and the pellets were resuspended in PEM buffer including 0.05 % saponin and 2 mM GTP for 10 rain at room temperature. Permeabilizing in PEM buffer instead of PBS was a milder condition for Sf9 cells. Then the ceils were collected by centrifugation and fixed with PEM buffer including 0.05 % sapouin, 2 mM GTP, and 2.5 % glutar~debyde for 15 rain at room temperature. Collected again by centrifugation, the fixed cells were briefly washed with distilled water and quickly frozen by liquid helium as described previously (Hirokawa and Heuser, 1981) .
Fracture was done at -170 ° and deep etched at -95"C for 7 min either in a lgalzers 301 unit or 400 unit (Balzers Union, Fiirtentum, Liechtenstein). Platinum and carbon were rotary shadowed, and the replicas were viewed either with a JEOL 1200EX or 2000EX electron microscope at 100 kV. Three-dimensional images were taken with +10 ° tilt.
Measurements of Cross-bridges
Cross-bridges that formed between neurofilaments were measured on quickfreeze, deep-etch images. We used two criteria for the measurement. First, only cross-bridges in the same focus planes, as judged from the threedimensional images, were counted. Second, only cross-bridges linking two filaments organized in a nearly parallel manner were counted.
Results
Absence of Intermediate b'ilaments in St9 Cells
Since neurofilament proteins have a molecular motif that is conserved among intermediate filaments, they tend to coassemble with endogenous intermediate filaments such as vimentin when they are transfected into cultured cells (Chin and Liem, 1989; Monterio and Cleveland, 1989; Wong and Cleveland, 1990; Chin et al., 1991) . The ideal condition for studying neurofilaments would be to get rid of those endogenous intermediate filaments. One choice is to use vimentin (-) fibroblasts (Ching and Liem, 1993; Lee et al., 1993 (Volkman and Zaal, 1990) . It is well known that crustaceans do not have intermediate filaments (Hirokawa, 1986; Hirokawa and Yorifuji, 1986; Viancour et al., 1987) . Classified in the same arthropods, S. frugiperda, or SIS cells, may not have any intermediate filaments. To confirm this, we searched for intermediate filaments in Sf9 cells by electron microscopy. SIS cells were either directly fixed (Fig. 1 A) or permeabilized before fixation to get clear views of the cytoskeleton (Fig. 1  B) . By precipitating fixed SIS cells at the tip of the embedded block, we were able to observe more than 100 cells within a single ultrathin section sample. Even though there were microtubules ( Fig. I A, arrows) , we were not able to find intermediate filaments.
To further support these fndings, we searched for gene transcripts containing a consensus amino acid sequence found in a large number of intermediate filament proteins. This consensus sequence (YRKLLEGEE) is called IFA epitope for its reactivity to the IFA antibody (Pruss et al., 1981) , and it resides in the carboxyl-terminal end of the rod domain. Some invertebrates, however, are known to have IFAnegative intermediate filament proteins, which later turned out to be a single amino acid substitution of arginine (R) by a lysine (K) in the same consensus sequence (Reimer et al., 1991) . To detect both IFA-positive and -negative intermediate filament gene transcripts in SIS cells, we made a syntbetic oligonucleotide that anneals with this intermediate filament consensus sequence of the mRNA and, using this oligo as a primer, we synthesized first-strand cDNA with 32p-labeled dCTP from 500 ng of total poly(A) + RNA. The radioisotope labeled reverse-transcribed (RT) product was resolved in 1% agarose alkaline denature gel and transferred onto a nylon membrane. By exposing this membrane to a FUJI BAS 2000 image analyzing plate, we were able to detect intermediate filament consensus sequence positive firststrand eDNA. Since many intermediate filaments have approximately the same length in nucleotide from the start codon to the carboxyl-terminal end of the rod domain, if there were any mRNA bearing the consensus sequence, the RT product of these may appear as bands "~1.4-1.6 kbp. Indeed, as shown in Fig. 1 C, the RT product of poly(A) + RNA from mouse brain formed bands at appropriate lengths, but poly(A) + RNA from SIS cells showed only weak signals. Although the IFA antibody does not stain the nucleus in immunofluorescence (Pruss et al., 1981) , nuclear lamins of some species have the IFA epitope sequence, and they are recognized by the antibody in Western blots (Osborn and Weber, 1987) . So the weak signals in lane 2 may be the nuclear lamins. Thus, by this first-strand cDNA synthesis assay, we were not able to detect intermediate filament consensus sequence positive gene transcript in Sf9 cells. In addition, St9 cells were not stained with IFA antibody in immunofluorescence, as shown in the background of the confocal images in Fig. 10 . Taking all these together, we propose that Sf9 baculovirns system is another ideal system for studying intermediate filaments. In addition, baculovirus expression vectors promise high level expression, and they are capable of expressing two different proteins by a single virus if desired. This makes the studies of heteropolymers by electron microscopy much easier because the expression of both proteins is guaranteed in infected cells.
NF-L and NF-M Coasserable and Reproduce the Ultrastructure of Neurofilaments When Transfected into SJ9 Cells
To examine what kind of structures are formed with the expression of NF-L and NF-M and how they are related to the structures of neurofilaments in axons, we transfected both proteins together into SI9 cells. Three different recombinant baculoviruses were produced. L virus encodes NF-L, LM virus encodes both NF-L and NF-M in a single virus, and M virus encodes NF-M. The profiles of the viruses are listed in Table I . The expression of each protein was checked by Western blotting (Fig. 2 A) . All viruses expressed the expected proteins at correct molecular weights. Sf9 cells that were not infected with any of the viruses were probed for the antibody used in this study to be sure that no endogenous protein in Sf9 cells cross-reacted with the antibodies (Fig.  2 A, lane 5) . The quality of the expressed NF-M was further checked by probing against the anti-phosphorylated NF-M monoclonal antibody SMI 31 (Sternberger and Sternberger, 1983; Lee et al., 1988; Harris et al., 1991) . This antibody recognizes amino acid sequences in the carboxyl-terminal tail domain of NF-M that are known to be phosphorylated. As shown in Fig. 2 B, SMI 31 recognizes NF-M expressed in the Sf9 baculovirus system. Thus, in Sf9 cells, phosphorylation seems to be occurring at this site.
Each recombinant virus starts to express the foreign gene product ~10 h after infection. The expression increases with time, but degradation of the protein then starts at * 5 0 h after infection for some unknown reason. We chose 38 h after infection as the best time for analyzing neurofilament assembly because at this point, there is already sufficient protein expressed so that the structure desired for observation by elec- tron microscopy will be available, and because, most importantly, the intracellular structure of St9 cells is still well maintained at this moment.
First we observed the neurofilaments by immunofluorescence. St9 cells are spherical cells that easily detach from the culture dish. No change in this apparent spherical mor- phology was induced by transfecting neurofilament proteins. When NF-L was expressed alone no filamentous staining appeared. Rather, many spotty clusters were observed (Fig. 3  A) . In contrast, when both NF-L and NF-M were transfected by the LM virus thick filamentous cables were observed (Fig. 3, C and D) . Both proteins colocalized onto these cables, as revealed by double staining. To rule out the possibility that these filament cables are formed by interaction between NF-M and some unexpected protein that preexists in Sf9 cells, we also expressed NF-M alone by infecting M virus as a control. In this case, huge masses stained with anti-NF-M were observed, and no filamentous patterns appeared (Fig. 3 B) . Thus, we conclude that the filamentous stalnings in LM virus infection are caused by the interaction between NF-L and NF-M.
To identify the ultrastructure of the staining observed by immunofluorescence, we investigated these structures by electron microscopy. Cells infected with the L virus showed either a complicated random network of 10-nm filaments or tightly packed aggregates (Fig. 4 A) By permeabilizing the infected cells with 0.1% Triton X-100 before fixation we were able to clearly visualize fragments of 10-nm filaments in the random network, but the aggregates remained unchanged (Fig. 4 B) . Immunoelectron microscopy proved that these structures were indeed formed by NF-L (Fig. 5 A) . We further viewed the random network formed by NF-L by quickfreeze, deep-etch electron microscopy to confirm that no cross-bridges were formed (Fig. 5 B) .
Interestingly, in contrast, St9 cells infected with LM virus showed parallel bundles of 10-nm filaments with approximately constant spacing in ultrathin sections (Fig. 4 E) . Even when permeabilized with 0.05 % saponin in phosphate buffer before fixation, these ordered structures were preserved, indicating that the force acting between the filaments is not so weak (Fig. 4 F) . Faint cross-bridge-like structures could be seen, even in the ultrathin sections. Quick-freeze, deep-etch electron micrographs provided further detailed information (Fig. 6, A and B) . Frequent cross-bridges were observed between core filaments organized in a parallel manner. This ultrastructure formed by transfected NF-L and NF-M highly resembled neurofilament domains in axons (Fig. 6 C) . In some cases, cross-bridges between membranous organelles and neurofilaments were also seen in transfected cells (Fig. 6 B, arrows) . This kind of cross-bridge was not observed in L virus-infected cells. On the other hand, in Sf9 cells infected with M virus alone, only aggregates were observed, while no 10-nm filaments were formed (Fig.  4 C) . These aggregates were not dissociated by permeabilizing these cells with 0.1% Triton X-10 before fixation (Fig. 4  D) . Thus, NF-M alone cannot form 10-urn filaments in vivo.
These data strongly indicate that the interaction between NF-L and NF-M is absolutely required to form parallel neurofilament arrays linked to each other with frequent cross-bridges as seen in axons, and that some cross-bridges between membranous vesicles and neurofilaments in vivo are formed by NF-M. Also, this parallel array was not disrupted by permeabilization, which suggests an active bundling effect caused by these cross-bridges. The stoichiometry between NF-L and NF-M expressed by LM virus was measured by analyzing SDS-PAGE of the cytoskeletal fraction of infected cell lysates in PDI densitometry, giving the value NF-L/NF-M = 1:0.7.
Myc Tags of Carboxyl Terminal Tail Domain of NF-M Do Not Affect Cross-bridge Formation upon
Neurofilament Assembly
Similarity in the molecular architecture of NF-H and NF-M suggests that the carboxyl-terminal tail domain of NF-M constitutes cross-bridges, as is the case for NF-H. Even though there are many descriptive data supporting this idea, so far no direct evidence has been provided. To present such direct evidence that the carboxyl-terminal tall domain of NF-M is actually involved in cross-bridge formation, we made five deletion mutants of NF-M that lack part of the tall domain (Fig. 7) . By expressing these deletion mutants with NF-L, the ability to form 10-nm filaments and the assembling property were examined. We conjugated a human myc epitope in the carboxyl-terminals of each deletion mutant to facilitate detection by immunofluorescence. Although many transfection experiments of neurofilaments have used similar kinds of epitopes, the effect of the artifact of these tags upon neurofilament assembly has not been fully evaluated. Thus, as a sixth mutant, we fused this myc epitope tag in the carboxyl-terminal of full-length NF-M and named it Mmyc. L + Mmyc virus, which encodes NF-L and Mmyc in a single virus, was infected into Sf9 cells, and the filament assembly properties were compared with wild-type NF-M.The expression of both proteins was confirmed by Western blotting (data not shown). Immunofluorescence microscopy double stained with anti-NF-L antibody and anti-myc epitope antibody (Fig. 7, inset) shows that they colocalize to form similar cable-like stainings as observed in wild-type NF-L + NF-M (Fig. 3) . Quick-freeze, deep-etch views of the filaments assembled by NF-L and Mmyc (Fig. 7) are almost identical to those formed by wild-type NF-L + NF-M (Fig. 6, A and B) , and they are similar to those in axons (Fig. 6 C) . Core 10-nm filaments running in parallel and forming bundles are observed, and frequent cross-bridges exist between these filaments. The lengths of the cross-bridges were measured and compared with those formed by wild types (see Fig. 12 ). We did not detect any significant difference between them. Thus, the human myc epitope tag linked in the carboxyl-terminal did not interfere with cross-bridge formation.
Deletion Mutants of NF-M Lacking Part of the Carboxyl-terminal Tail Domain Colocalize with NF-L When Expressed in Sf9 Cells
Five deletion mutants of NF-M were constructed (Fig. 8) . All mutants were expressed by recombinant baculoviruses in a manner that both NF-L and mutant NF-M were expressed by a single virus. Profiles of the viruses are listed in Table  I . Expression of each protein was confirmed by Western blotting (Fig. 8 B) . Mutant NF-Ms with myc tags in the carboxyl-terminals were detected by anti-human myc epitope antibody. NF-L was detected by anti-NF-L antibody. All proteins were recognized by the appropriate antibodies without any cross-reaction (Fig. 8) . The expression of each protein starts at least 12 h after infection. As in the case for wild-type NF-L and MF-M, partial degradation of some of the proteins starts at '~50 h after infection. We decided to analyze cells at 38 h after infection since high level expression and well-preserved intracellular structures can be obtained at this point. Double staining immunofluorescence microscopies of Sf9 cells infected with each virus show that both NF-L and mutant NF-Ms co-localize to restricted areas in each cell (Figure 9) . Clear cables of filaments in the staining patterns, however, were not observed in any of the cases. In some cells, filament-like staining was observed by moving the focus plane, indicating that filaments are probably formed within these stainings. These immunofluorescence studies showed that the whole carboxyl-terminal tail domain of NF-M is required for effective bundling of neurofilaments. The quantity of NF-L expressed in these cells exceeds that of mutant NF-Ms. The stoichiometry between NF-L and mutant NF-Ms expressed by each virus was measured by densitometry analysis oft.he cytoskeletal fraction resolved in SDS-PAGE (Table ID . L + Mmyc virus expresses NF-L approximately four times more than Mmyc in molar quantity but it still retains the filament cable staining pattern. This means that stainings of the deletion mutant-expressing cells are not simply caused by the greater amounts of NF-L compared to deleted NF-Ms.
Constructs similar to DelMI were used in previous transfection studies (Ching and Liem, 1993; Lee et al., 1993) , and they were shown by immunofluorescence to distribute The crossbridges in SD cells, however, are not as frequent as observed in axons. In the axon of rat peripheral nerves treated similarly to the Sf9 cells, neurofilaments run parallel to each other, forming frequent cross-bridges between the adjacent filaments ( C, arrows).
In our transfected cells, crossbridges between filaments and membranous organelles were also observed (B, arrows). within cells in filamentous staining colocalizing with NF-L. Although this apparent filamentous staining was not observed in our experiment, these stainings were revealed to be tightly packed 10-nm filaments, as viewed by electron microscopy (details of which appear later in this paper). Lee et al. (1993) used a myc-tagged deletion mutant similar to DelM1. In their data, filamentous staining was observed only in the periphery of the cell, and the strong staining in the central region, which we consider to be a mass of tightly packed filaments, is noteworthy. In contrast, Ching and Liem (1993) used deletion mutants similar to DelM1, but with no tag. This mutant seems to form bundles of filaments with NF-L in intermediate filament negative fibroblasts observed by immunofluorescence microscopy. The slight difference between the two studies concerning this deletion mutant may be caused by the myc tag. Thus, the artifact of the tag would come into question. To exclude the possible artifact of the myc tag in DelM1, we constructed another virus that expresses NF-L and DelM1 lacking the tag (L+DelM1 myc(-) virus). We double stained St9 cells infected with this virus with anti-NF-L antibody and IFA antibody (Pruss et al., 1981) . IFA reacts very weakly with native proteins in St9 cells, as seen from the cells in the background in the confocal image (Fig. 10) . Western blot of Sf9 cells infected with L+ DelMlmyc(-) virus revealed that this antibody specifically recognizes the neurofilaments introduced (data not shown).
Bands that correspond to nuclear lamins did not appear in this Western blot (thus, the reactivity of IFA antibody to Sf9 nuclear lamins seems to be weak). Confocal microscopic observation revealed no significant difference between DelMI with or without the tag (Fig. 10 vs 9 A) . Stoichiometry of NF-L to D e l M l m y c ( -) was 1:0.3. Taken all together, we could not detect a significant artifact caused by the tag in case of DelMI. 
Cross-bridge Formation Was Strongly Influenced by NF-M Deletion Mutants Lacking Part of Their Carboxyl-terminal Tail Domain
The filament assembly abilities of NF-L with each of the five NF-M deletion mutants in Sf9 cells were further observed by electron microscopy. Ultrathin sections of the infected cells revealed that, even tough they do not make clear bundies NF-L + DelM1, 2, 3, and 4 each assemble into 10-nm filaments, respectively, and NF-L + DelM5 forms aggregates of which the structure is unclear (data not shown). Quick-freeze, deep-etch images of the filaments formed by these transfected proteins are shown in Fig. 11 . NF-L and DelM1 assemble to form packed, complicated tangles of 10-nm filaments (Fig. 11 A) . The tendency of filaments to develop parallel coordination gets stronger as the length of carboxyl-terminal tail domain encoded in the deletion mutants increases. DelM5 formed either filaments similar to DelM1 (Fig. 11 E) or compact aggregates (Fig. 11 F) . To examine the cross-bridges formed by the coassembly of NF-L and mutant NF-Ms, filaments were viewed by quickfreeze, deep-etch electron microscopy. NF-L and DelM1 did not form clear cross-bridges. On the other hand, NF-L and DelM2 formed cross-bridges that were apparently shorter than those formed by filaments assembled by NF-L + DelM3 or NF-L + DelM4 (Fig. 11 B-D) . Length of crossbridges formed in each transfection was determined by statistical analysis (Fig. 12) . Cross-bridges in NF-L + DelM2 are shorter than those formed by wild-type or the other deletion mutants. Considering the fact that DelM1 does not form cross-bridges, regions that are in the carboxylterminal to amino acid residue 446 are strongly indicated to be directly concerned with cross-bridge formation.
Another noteworthy point is that the cross-bridges formed by these deletion NF-Ms were at surprisingly low frequencies compared to those formed by wild-type NF-M or Mmyc.
This can be explained by the fact that interaction between certain regions of the carboxyl-terminal tail domain of NF-M is critical for frequent cross-bridge formation. In search for such interactions, we coinfected L + DelM2 and L + DelM4 to determine if there is significant interaction between the two regions, amino acids 446-550 and 750-845. Immunofluorescence microscopy of these doubly infected cells showed no significant change in the staining pattern (data not shown). Since the interaction between these regions is the only remaining possibility deduced from our deletion mutant analysis, we conclude that the whole-tail domain of NF-M is required for efficient cross-bridge formation and neurofilament bundling.
The Carboxyl-Terminal Tail Domain of NF-M Promotes Longitudinal Extension of the Core lO-nm Filaments
The three-dimensional organization of the filaments assembled by NF-L and mutant NF-Ms revealed that the assembly properties of the deletion mutants differ significantly. The differences appeared most clearly in quick-freeze, deep-etch views of the filaments. Filaments formed by L + DelM1 and L + DelM5 are frequently bent in a complex manner, and only short fragments of any single filament appear in the fracture surface (Fig. 11, A and E) . In the case of L + DelM5, the filaments aggregate so tightly that single filaments are hardly detectable (Fig. 11 F) . In contrast, L + DelM2, L + DelM3 and L + DelM4 assemble filaments that are relatively straight and tend to appear as long fragments that could be easily followed in the fracture surface (Fig. 11 B-D) . In addition, as mentioned before, crossbridges in these deletion mutants are very rarely seen. The difference of expression stoichiometry between NF-L and mutant NF-Ms (as mentioned in Table 11 ) cannot account for the sparseness of cross-bridges in the respective case. If all mutant NF-M molecules are able to project their carboxyltail domain from the core filaments to form cross-bridges, the frequency of these cross-bridges in L + DelM2, L + DelM3, and L + DelM4 should be much higher. Therefore, not all the carboxyl-terminal tail domains of these mutant NF-Ms contribute to form cross-bridges. The population of mutant NF-Ms that do not form cross-bridges seems to affect the core filament assembly property in a manner that longitudinal elongation is promoted. This effect of the tall domain on core filament assembly is reflected most clearly by comparing the quick-freeze, deep-etch view of the filaments formed by the five different deletion mutants (Fig. 11) . Since L + DelM1 does not form any cross-bridges, and since the three-dimensional organization of the assembled filaments is much more disordered than those of L + DelM2, L + DelM3, and L + DelM4, the portion of the carboxylterminal tail domain of NF-M that is actually involved in cross-bridge formation may promote longitudinal assembly of core filaments by partially associating with the core filaments. In this case, the tall domain seems to be sticking to the core filaments without hanging out as projections. Effective formation of cross-bridges is only observed when the whole tail domain exists. Here, we conclude that the function of the carboxyl-terminal tall of NF-Ms is to promote longitudinal assembly when they are as yet not hanging out as projections from the core filament, and then, once they de- tach from the core filaments, they form cross-bridges. This is consistent with the two-step assembly model of neurofilaments, in which core filaments with no crossbridges are first formed, and as these filaments accumulate so that individual filaments are close enough to form cross-bridges, the carboxyl-terminal tail domains of NF-M project to interact with each other to form cross-bridges (Fig. 13) .
The Carboxyl Tail Domains of NF-M and NF-H both Form Cross-bridge Structures In Vivo
Our experiments give direct evidence for the first time that the carboxyl-terrninal tail domain of NF-M does indeed form cross-bridge structures in vivo. The cross-bridges were identified between adjacent neurofilaments, as well as between neurofilaments and membranous organelles. They quite resemble those found in axons (Hirokawa, 1982; Hirokawa et al., 1984) . Previous immunocytochemical and reconstitution studies indicated that the NF-H carboxylterminal tail domain is a component of cross-bridges between adjacent neurofilaments. Then a question would arise: what are the functional differences between NF-M and NF-H? The first point to be made is that NF-M and NF-H may be functionally distinct cross-linkers. Our previous studies showed that the carboxyl-terminal tail domain of NF-H interacts with tubulin in a phosphorylation-dependent manner (Hisanaga and Hirokawa, 1990a; Miyasaka et al., 1993) . On the other hand, in NF-L-and NF-M-transfected Sf9 cells, we did not observe any cross-bridges between neurofilaments and microtubules, although this issue does require more detailed and intensive studies. Thus, it is possible to interperate that NF-M is an interneurofilament crosslinker, while NF-H has interneurofilament and microtubule cross-linking activity in addition to interneurofilament crosslinking. The possibility, however, that NF-M also interacts with microtubules in a phosphorylation-dependent manner, as is the case with NF-H, still remains. Our study of neurofilaments in the juvenile axon, which expresses NF-L and NF-M, but not NF-H, revealed cross-bridges between neurofilaments and microtubules (Hirokawa et al., 1984) . This evidence suggests that NF-M could also form cross-bridges between neurofilaments and microtubules. Therefore, a definitive answer to this point awaits further studies on the phosphorylation of NF-M. Also, the existence of crossbridges between neurofilaments and small membranous organelles, which was observed in our transfection experiments, should not be ignored as another function of NF-M (Fig. 6 B) .
Formation of longitudinally elongated 10nm filaments Figure 13 . Two-step assembly model of neurofilaments. NF-Ls by themselves form short fragmented filaments with no cross-bridges. However, when NF-L and NF-M are expressed together, they form parallel filaments linked to each other with frequent cross-bridges. Monomers of NF-L and NF-M first polymerize to form longitudinally elongated lO-nm filaments with no cross-bridges. As these filaments accumulate, the carboxylterminal tail domain of NF-M hangs out from the filament to form cross-bridge structures. Although the structures formed by NF-L and NF-M have cross-bridges, we call them premature neurofilaments since they lack NF-H. The carboxylterminal tail domains of NF-Ms may either interact with each other (B), or they may interact directly with the core filaments (A) to form crossbridges.
The second point that deserves attention is the difference in phosphorylation diversity between NF-M and NF-H. In our experiments, phosphorylation of the transfected proteins were uncontrollable. However, the stg-baculovirus system guarantees phosphorylation similar to those in native form to a certain extent. Indeed, NF-M expressed in Sf9 cells were recognized by an antibody that recognizes its phosphorylated form. NF-M expressed with NF-L showed strong bundling activity in Sf9 cells, and this activity might be phosphorylation dependent. Therefore, it remains to be determined whether there is any relationship between phosphorylation and neurofilament bundling activity for these proteins. By expressing NF-L and mutant rat NF-M with all six serines in the putative phosphorylation sites in the tail domain substituted to aranin in Sf9 cells, we may see the effect of phosphorylation on filament bundling or on crossbridge formation.
The third point to be addressed is the developmental expression patterns of NF-M and MF-H. They are expressed much earlier in development than NF-H, which is only expressed after birth in mice (Shaw and Weber, 1982; Pachter and Liem, 1984; Charnas et al., 1992) . Our experiments give insight into what is taking place at the stage of development when NF-H is not yet expressed. At this stage, neurofilaments already exist in axons, and they have the ability to form parallel-organized core filaments linked to each other with frequent cross-bridges such as those structurally similar to mature neurofilaments. However, the frequency of cross-bridges in these juvenile axons is not as high as that in adults. In our transfection experiments expressing only NF-L and NF-M without NF-H, the frequency of crossbridges was slightly lower than that of mature axons. This might be caused by the lacking function of NF-H. Thus, it could be hypothesized that NF-L and NF-M build the basic structure of neurofilaments, and the additional expression of NF-H with its phosphorylation might function to augment or modify the premature neurofilaments.
Assembly Mechanism of Neurofilaments Deduced from Deletion Mutant Analysis of NF-M
The mechanism of how neurofilaments assemble is not fully understood, although our recent photobleaching studies showed that they are dynamically turned over in the axons (Okabe et al., 1993; Takeda et al., 1994) .
Our deletion mutant studies of the NF-M tail domain revealed that this domain is the actual component of crossbridge structures. At the same time, this domain is involved in longitudinal extension and elongation of the core illaments. In contrast, NF-Ls by themselves are only able to form short fragmented filaments, and in some cases, these fragments form aggregates. Viewed by quick-freeze, deepetch electron microscopy, filaments polymerized by either L + DelM1 or L + DelM5 resemble those of NF-L alone. On the other hand, all L + DelM2, L + DelM3, and L + DelM4 polymerize into filaments that are relatively straight and longitudinally extended. Cross-bridges are also observed in these three filaments. As a whole, the latter three form filaments that are close to those formed by the wildtype NF-L and NF-M. This suggests that amino acid sequences included in DelM2, DelM3, and DelM4 are responsible for the activity that induces longitudinal extension of the core filaments.
How the carboxyl-terminal tail domain can affect core filament assembly would be the next question. Two models can be proposed. Firstly, longitudinal extension of the core filaments is induced by the cross-bridge-forming activity of the NF-M tail domain. In this model, core filament assembly and cross-bridge formation occur at the same time, when NF-L and NF-M copolymerize. In other words, the polymerization of neurofilaments is equivalent to the formation of the highly ordered neurofilament ultrastructure. The other model is based on a two-step assembly hypothesis of neurofilaments (Fig. 13) . By this concept, neurofilaments first polymerize into 10-nm filaments that have no cross-bridges and, as the filaments come into close contact, projections of the carboxyl-tail domains of NF-M occur to form crossbridge structures that determine the spacings between the filaments. Core filament assembly with no cross-bridges occurs first, and then cross-bridges are formed. According to this model, NF-M carboxyl terminal tail domains serve the newly formed core filaments as longitudinal filament extenders before they appear to form cross-bridges. As filaments come into close proximity, the tail domains of NF-M project to interact with the filaments nearby to form crossbridges. Whether two tail domains on different filaments directly interact to form cross-bridges is not clear. Crossbridges may be formed by interaction of the NF-M tail domain of one filament with the core of another filament. The precise molecules or domains that interact with the NF-M tail remain to be determined.
In our experiments, transfection of DelM2, DelM3, or DelM4 with NF-L results in filaments with a small number of cross-bridges, and this is not caused by the overexpression of NF-L relative to deletion mutants, since, even though NF-L is expressed four times more in molar ratio, the L + Mmyc virus forms filaments with frequent cross-bridges. Because mild permeabilization disrupts the parallel tendency of filament organization, the low frequency of cross-bridges may be caused by the reduced interacting force generated by the cross-bridges. Thus, the longitudinal extending activity of the core filaments is not dependent on the number of cross-bridges formed. Therefore the two-step assembly model of neurofilaments is strongly supported by our data (Fig. 13) , and the ultrastructural data about early developmental stages when only NF-L and NF-M are expressed (Hirokawa et al., 1984) also support this model.
Different Segments in the Carboxyl-terminal Tail of NF-M Have Overlapping Function
The carboxyl-terminal tail domain of NF-M has repeated sequence motifs such as KSP putative phosphorylation sites. Although there are many antibodies that react with known epitopes within the tail domain, detailed functional analysis of the tail based on amino acid sequences is still far from complete. In our experiments, deletion mutants DelM2 and DelM4 contain different parts of the tail domain with four amino acids in common. Nevertheless, both mutants form long intermediate filaments with NF-L, and they contribute to some cross-bridge formation. Likewise, DelM2, DelM3, and DelM4 are all different constructs, but the phenotypes of the filaments formed with NF-L are quite similar. This means that different regions of the tail domain have similar functions, especially in the region where phosphorylation sites are scattered. In contrast, the region of 100 amino acids from the carboxyl-terminal seems to have different properties which is suggested by comparing L + DelM2 and L + DelM5 transfections. Our experiments, therefore, suggest that the tail domain of NF-M may consist of two functionally distinct regions. One is the region that occupies 75 % of the amino acids part of the tail that includes all of the putative phosphorylation sites. This region is concerned with cross-bridge formation and longitudinal filament elongation. Different parts within this region seem to be functionally homogenous and exchangeable, as shown in L + DelM2 and L + DelM4 experiments. The other region is the last 100 amino acids of the molecule. This region is not necessary for cross-bridge formation since DelM2 and DelM3, which lack this part, are capable of forming cross-bridges with NF-L. The precise function of this region awaits more detailed studies.
Phosphorylation of the Carboxyl Terminal Tail Domain of NF-M
Six different phosphorylation sites are identified in the carboxyl-terminal tail domain of rat NF-M (Zu et al., 1993) . Phosphorylation in the amino terminal head domain of NF-M is known to influence core filament assembly and disassembly (Nixon and Sihag, 1991) . Studies in Trembler mice revealed that the local increase of neurofilament density is correlated, to some extent, to the hypophosphorylation of the carboxyl-terminal tail domain of both NF-M and NF-H (de Waegh et al., 1992) . Little is known, however, about the precise meaning of phosphorylation in the carboxyl-terminal tail domain of NF-M. Rat NF-M is also used in our study. DelM1 and DelM5 do not include any phosphorylation sites in the carboxyl tail. DelM2 and DelM4 each bear three phosphorylation sites in the tail domain. Furthermore, DelM3 possesses all previously known tail domain phosphorylation sites. The behavior of the assembly of deletion mutant NFMs with NF-L fell into two types in our transfection experiments. For transfection of L + DelM1 and L + DelM5 viruses, filament assembly was complicated, random in organization, and aggregated in some cases. The filaments formed were apparently short, lacking longitudinal extension and, above all, no cross-bridges were observed. On the other hand, L + DelM2, L + DelM3, and L + DelM4 viruses formed relatively long and longitudinally extended filaments with a low frequency of cross-bridge structures. The difference in assembly patterns between the first two (L + DelM1 and L + DelM5) and the other three was obvious from the quick-freeze, deep-etch electron micrographs. The former two do not bear any phosphorylation sites in the tail domain, but the latter three do. Therefore, the existence of the putative phosphorylation sites in the tail domain of mutant NFMs correlates with longitudinally extended filament formation, and all these sites are included in the portion of the tail that actually constitutes cross-bridge structures. This strongly supports the concept that the cross-bridge formation and neurofilament density may be modulated by the phosphorylation of the tail domain, such as indicated in the case of Trembler mice (de Waegh et al., 1992) and other hypomyelinated transgenic mice (Cole et al., 1994) . Whether phosphorylation of the NF-M carboxyl-terminal tail domain is identical to the situation in axons is unknown in transfected Sf9 cells. Strong relation between cross-bridge structures and phosphorylation has been suggested by many studies, since NF-M has a similar molecular motif to NF-H. Finally, based on the two-step assembly mechanism of neurofilaments, we propose that phosphorylation in the carboxyl-terminal of NF-M might influence the property of core filaments when they are still not projecting from the core filament to form cross-bridges. Here, we conclude that the carboxyl-terminal tail domain of NF-M has a functional role in the longitudinal extension of the core filaments, even when they do not form cross-bridges.
